ABSTRACT We report a novel on-chip Rayleigh imaging technique using wide-field laser illumination to measure optical scattering from individual single-walled carbon nanotubes (SWNTs) on a solid substrate with high spatial and spectral resolution. This method in conjunction with calibrated AFM measurements accurately measures the resonance energies and diameters for a large number of SWNTs in parallel. We apply this technique for fast mapping of key SWNT parameters, including the electronic-types and chiral indices for individual SWNTs, position and frequency of chirality-changing events, and intertube interactions in both bundled and distant SWNTs.
C arbon nanotubes are a heterogeneous group of materials. As-grown carbon nanotubes can comprise single-walled carbon nanotubes (SWNTs) with a wide range of structural (n, m) indices, multiwalled carbon nanotubes (MWNTs), nanotube bundles, and SWNTs that change chirality due to structural defects. Furthermore, their interactions with the environment and other neighboring nanotubes directly affect their electronic and optical properties. [1] [2] [3] [4] [5] [6] Transmission electron microscopy, 7 scanning tunneling microscopy, [8] [9] [10] and various optical spectroscopic techniques have been used to characterize individual carbon nanotubes. 2, [11] [12] [13] [14] [15] [16] [17] [18] However, these methods usually require long data acquisition times and/or complicated sample preparation, which limits their use as a general characterization method for SWNTs. An ideal characterization method would require little sample preparation, minimize potential damage to SWNTs, and allow the characterized SWNTs to be used for subsequent experiments or device fabrication. Optical imaging of carbon nanotubes placed directly on a solid substrate meets these requirements and allows rapid visualization and spectral resolution of individual nanotubes with relative ease.
The optical properties of SWNTs originate from their 1D electron band structure. Within a noninteracting singleparticle picture, the density of states for SWNTs has sharp resonance peaks called van Hove singularities 19 (vHs) ( Figure  1d ). Electron-electron interactions modify this simple picture, leading to a significant increase in the energies of continuum states and the formation of strongly bound exciton states. 20 While electrical conductance of SWNTs is governed by the properties of the continuum states, optical properties of SWNTs are determined by the structure of the excitonic states. 11 Much work has been done to understand the optical properties of SWNTs using Raman, 2, 14, 17, 18, 21 photoluminescence, 11, 14, 15 Rayleigh, 3, 12, 13, 22 and absorption spectroscopy 16, 23 to probe both ensembles and individual SWNTs. Resonances associated with the excitonic states and vHs have been the main focus of these studies, since they provide a direct measurement of interband transition energies for SWNTs (Figure 1d) . By identifying the resonance energies, it is possible to determine the electrical property of an individual SWNT (metallic (M) or semiconducting (S)), and the chiral index, (n, m).
Compared to Raman and photoluminescence measurements, Rayleigh spectroscopy presents many advantages. It relies on elastic scattering (which is several orders of magnitude brighter than inelastic scattering), can be applied to both semiconducting and metallic nanotubes, and allows visible wavelength excitation and detection for better spatial resolution and detection sensitivity. In a series of recent papers, Heinz et al. reported Rayleigh scattering measurements from individual SWNTs and nanotube bundles and used this technique to determine chiral indices and study intertube coupling effects. 3, 12, 13 In their studies, individual nanotubes were suspended over a fabricated gap and illuminated by a focused laser beam one at a time to avoid the intense scattering from the substrate itself. Although this method presents excellent signal-to-noise ratio, the suspended geometry limits its spatial resolution, diameter range of observed nanotubes (typically 1.5 nm or larger), and correlation with other measurements (such as AFM).
To overcome these problems, we developed a broadband laser-based darkfield microscope to minimize the background scattering without suspending the SWNTs, allowing Rayleigh imaging of SWNTs directly on a solid substrate for the first time (Figure 1a) . To minimize the background scattering, the substrate with SWNTs was coated with an index-matching medium of glycerol, whose refractive index (ca. 1.47) is similar to that of quartz (ca. 1.54). Moreover, the laser excitation geometry prevents incident light from entering the detection optics. A charge-coupled device (CCD) camera and a high numerical aperture (N.A.) objective lens were used to detect the elastically scattered photons from individual SWNTs under wide-field illumination on the substrate while the excitation wavelength λ of the excitation laser (Fianium Ltd., model SC450) was scanned from 450 to 850 nm with a spectral bandwidth of 20 nm. The sample used in this study was an array of highly aligned nanotubes directly grown on a quartz substrate with etched alignment marks using a chemical vapor deposition (CVD) method reported earlier, 24 and the typical nanotube diameter measured by AFM (d AFM ) ranges from 0.5 to 2.2 nm. The excitation laser was linearly polarized parallel to the nanotube axis, and all measurements were performed under ambient conditions (see Supporting Information for further details).
Our setup produces optical images of individual SWNTs with high signal-to-noise ratio. In Figure 1b , we show five representative images out of a total of 200 frames (15 s integration time per frame) measured at different λ for a SWNT with d AFM ) 0.64 nm. The SWNT "blinks" in the middle frame marked by star. Tracing the light intensity from all 200 images from this SWNT, we observe a single resonance at 1.67 eV, as shown in Figure 1c . In this geometry, the vast majority of the detected photons are due to elastic (Rayleigh) scattering. This is confirmed by comparing darkfield images with and without a matching bandpass filter (bandwidth <10 nm) in the detection pathway, which would reject photons from Raman scattering and photoluminescence (see Supporting Information). Hence, the plot in Figure 1c is the Rayleigh spectrum of the SWNT imaged here, and the observed peak corresponds to a scattering resonance where the photon energy matches the energy of an allowed interband (excitonic) transition.
By obtaining Rayleigh spectra for each pixel of the widefield illuminated area (approximately 70 × 80 µm 2 ) from a single measurement run, we can generate a spatial map of key resonance parameters for each SWNT, including the resonance wavelength (λ peak ), intensity, and peak width. Figure 1e shows a color map of λ peak in a region on the substrate that contains mostly SWNTs with the brightness of each spot corresponding to the scattering intensity. Since their scattering intensity depends strongly on the excitation wavelength, the SWNTs in this image exhibit distinct colors that are generally uniform throughout their length. In comparison, multiwalled carbon nanotubes show broadband scattering with much less wavelength dependence under the same measurement conditions (see Supporting Information). Comparing a typical color image and its corresponding AFM image confirms that all SWNTs (even as small as d AFM ) 0.5 nm) are visible in our Rayleigh image (see Supporting Information). An SEM image of a more dense area of our sample is shown in the inset of Figure 1e .
The data shown in Figure 1 clearly demonstrate that our on-chip Rayleigh imaging scheme allows rapid and accurate measurement of the Rayleigh scattering spectra for a large number of SWNTs with submicrometer spatial resolution. Below, we discuss the application of this technique to (1) determine chiral indices (n, m) and electronic types for SWNTs, (2) spatially resolve and measure the frequency of individual chirality changing events, and (3) study the intertube coupling effects as the distance between two SWNTs varies.
Spatially resolved Rayleigh imaging combined with calibrated AFM measurements provides a powerful method for identifying the electrical properties (M/S) and the chiral indices (n, m) for a large number of SWNTs with high throughput. In Figure 2a , we show five representative SWNTs showing a single peak in their Rayleigh spectra within our excitation range, and similar data is shown in Figure 2b for nanotubes with two peaks in their optical spectra. We also measured their AFM heights d AFM (as shown by the red height traces in the Rayleigh images) after carefully removing the glycerol. For the nanotubes shown in Figure 2a , the interband transition energy decreases with increasing d AFM . Likewise, the average of the two resonance energies for the nanotubes in Figure 2b also decreases with increasing d AFM , even though the individual peaks do not follow this trend. In fact, the optical spectra of SWNTs are expected to behave in this manner; the data in Figure 2a matches the expected behavior of metallic SWNTs whereas the data shown in Figure 2b corresponds to that of semiconducting tubes. 19, 25 In 25 Thus, combining spectral information and calibrated AFM measurements confirms that the optical spectra shown in Figure 2a ,b correspond to E 11 M and E 33 S /E 44 S transitions for metallic and semiconducting SWNTs, respectively, along with the chiral indices for the nanotubes shown in Figure  2b and Table 1 .
Our electronic-type and (n, m) assignments for SWNTs were confirmed using resonant micro-Raman spectroscopy (RRS). We first used Rayleigh spectroscopy to identify SWNTs with resonances near the wavelength of the Raman excitation laser, 633 nm. The 2D Raman image (Figure 2e ) generated from the intensity of the G-band spectral region shows good spatial correspondence with the Rayleigh image of the same area taken at 633 nm (Figure 2d ). Tubes were determined to be semiconducting (Figure 2f ) or metallic (Figure 2g ) based on the lineshapes of the G-band in their Raman spectra (Lorentzian vs Breit-Wigner-Fano lineshapes, respectively), 21 and these assignments were consistent with our Rayleigh/AFM-based assignments for all SWNTs for which such comparisons were made (denoted by open markers in Figure 2c ). 17 Furthermore, we applied all three measurements (Rayleigh, AFM, and RRS) on one nanotube (denoted by green stars in Figure 2c ,f) to compare the results. This nanotube has two peaks in its Rayleigh spectrum centered at 1.87 and 2.56 eV with its AFM height measured to be d AFM ) 1.51 nm (d exp ) 1.71 nm). The structural assignment 17, 7 was made to this nanotube with d NT ) 1.72 nm, which makes it a semiconducting nanotube. The Lorentzian line shape of its Raman G-band (Figure 2f ) indeed confirms its semiconducting behavior, and the frequency of its radial breathing mode ω RBM ) 144 cm -1 (inset, Figure 2f ) corresponds to a SWNT diameter d RBM ) 1.72 nm (estimated from d RBM ) 248 cm -1 /ω RBM ), 21 thus confirming the chiral index assignment made based on our technique.
A second application of the on-chip Rayleigh imaging is to identify and locate sudden changes in the optical spectra along the length of individual carbon nanotubes. While most SWNTs exhibit uniform Rayleigh spectra throughout their entire length as in Figure 1e , we also observe some nanotubes that exhibit abrupt changes in their spectra as well. The Rayleigh image in Figure 3a contains a nanotube that exhibits a noticeable color change along its length in the region outlined in red. We show the Rayleigh spectrum of the junction along the SWNT axis in Figure 3b together with its matching color image in Figure 3c . The spectral change occurs abruptly, and the corresponding AFM data (Figure 3d ) shows that d AFM is slightly different before and after the junction. Optical and AFM measurements imply that this tube forms a metal-metal junction from (23, 5) and (25, 10) nanotubes with the optical resonances corresponding to E 22 M transitions. (The observed splitting in their Rayleigh spectra is attributed to trigonal warping.) We observed S-M and S-S heterojunctions (Figure 3e,f) as well. Although Rayleigh measurements were used to identify similar chirality changing events previously, 30 the current technique enables us to determine the precise position of such events along with the AFM heights before and after the transition. We find that all chirality-changing events are spatially abrupt, and the transition of the Rayleigh spectra occurs within the length of one pixel of our CCD camera, which corresponds to approximately 150 nm (Figure 3b,c) . We can identify almost all such events that occur among the many SWNTs that we analyzed on our sample. On the basis of our measurements of more than 200 SWNTs, we conclude that the frequency of chirality-changing events for this particular growth procedure is approximately 3% (corresponding to a probability of approximately 1 defect per millimeter of tube length). This technique should be useful for correlating the density of chirality-changing defects in SWNTs produced using different growth conditions.
As a third application of on-chip Rayleigh imaging, we quantitatively studied the effect of intertube interactions on the optical response of a pair of SWNTs with varying separation distances. Figure 4a shows an AFM image of two SWNTs (R and ) that meet and run parallel to one another over a distance of 3 µm while separated by an average distance of 75 nm, and eventually form a bundle (illustrated in Figure  4b ). When separated from one another, SWNTs R and have Rayleigh scattering peaks at 1.67 eV (corresponding to E 11 M transition) and 2.33 eV (E 22 M ), respectively, as shown in the top panel of Figure 4c . While running parallel and separated by approximately 75 nm, SWNTs R and exhibit slight blue and red shifts in their Rayleigh scattering spectra, respectively, along with an increase in the peak scattering intensity. Upon bundling, the Rayleigh peaks of SWNTs R and are even more blue and red shifted, and the peak scattering intensities of the nanotubes when bundled are more than double compared to those of the isolated SWNTs. (See Supporting Information for more quantitative plots of the data in Figure 4 as well as additional Rayleigh measurements on other SWNT bundles.) The effects of intertube coupling and the associated spectral changes were previously measured using Rayleigh 3 and Raman spectroscopy, 2 and were attributed to an electromagnetic screening effect rather than direct quantum mechanical tunneling. Indeed, our observation of long-range intertube coupling effects for unbundled nanotubes provides strong experimental evidence against quantum tunneling effects, since these are negligible for such a large intertube distance. Furthermore, the observed blue shifts for the spectral peak for SWNT R suggests that the mechanism for intertube coupling might be influenced by factors other than dielectric screening (which generally causes red shifts). Instead, both the direction and the magnitude of the energy shift in a coupled nanotube may vary depending on not only the spatial distance but also the resonance energy and spectral peak width of the other nanotube. Both theoretical and experimental investigation is under way in order to understand this behavior.
The on-chip Rayleigh imaging method presented here provides a powerful characterization technique for individual carbon nanotubes, offering rapid feedback of key nanotube properties to specific growth conditions. This should accelerate the optimization of synthesis and purification efforts for producing carbon nanotubes of specific chiralities. The method can also be used to monitor chemical modifications to carbon nanotubes with minimal changes to the experimental setup. We expect our technique will allow novel optical studies of functional optical materials with detailed spatial and spectral resolution, paving a route for engineering and optimization of a variety of nanoscale optoelectronic devices, including photovoltaic devices.
